STATEMENT OF THE PROBLEM
The 7 nAChRs are ligand gated ion channels that could be found in the central as well as the peripheral nervous system. It has been shown that the neuronal nAChRs, including the 7 receptors, play an important role in several disease states. Yet, there is a great controversy around the exact composition and assembly of the subunits of these receptors. Because of this nAChR subunit diversity, the determination of precise subunit compositions of native neuronal nAChRs has been difficult.
A central goal of these studies is to use chromaffin cells isolated from the adrenal medulla,which provide a unique model to investigate native neuronal nAChRs, to identify how the subunits of the nAChRs assemble together to express a population of homomeric 7 receptors and a smaller population of heteromeric 7 receptors.
The text and figures found in this thesis have been recently published (ElHajj et al., 2007) 
INTRODUCTION

Nicotinic acetylcholine receptors in health and disease
Nicotinic acetylcholine receptors (nAChRs) can be found in the central nervous system (CNS), the peripheral nervous system (PNS), the autonomic ganglia, and the adrenal medulla. The stimulation of nicotine to the nAChRs in the CNS leads to the secretion of several neurotransmitters including acetylcholine, serotonin, dopamine, GABA, and glutamine (McGehee and Role, 1995) . Neuronal nicotinic subtypes are found in the pre-, peri-, and extra synaptic locations and therefore do not only function in the post-synaptic direct excitatory manner of neuromuscular transmission. They influence physiological actions in different ways. In the CNS, nAChRs modify neuron excitability to produce optimal neuron performance. This is likely to be important in many cognitive processes and behaviors, especially learning and memory. In the autonomic ganglia, following preganglionic stimulation, the postsynaptic site depolarizes through activation in neuronal nAChRs which results in an excitatory postsynaptic potential. Being the primary mediators of autonomic transmission in the peripheral ganglia, nAChRs play an important role in almost all neurotransmission of the PNS.
Due to their wide involvement in neurotransmission, nAChRs play a role in several disease states including tobacco addiction. The exact mechanism by which nAChRs are involved in nicotine addiction is yet to be determined. Nicotine has been shown to increase the release of dopamine in the nucleus accumbens in the CNS (Deni et al., 2001) which is thought to play a role in the reinforcing effects of the drugs, hence, a role in tobacco addiction. Several studies have discovered the up-regulation of nicotinic receptors in smokers compared to the control groups (Perry et al., 1999) . This up-regulation is thought to play a role in the nicotine addiction process (Buisson and Bertrand, 2002 ).
Alzheimer's disease, a neurodegenerative disease, is characterized by a loss of cholinergic effects in the hippocampus and cerebral cortex. Patients suffering from this disease have been shown to have consistent losses of nAChRs through imaging studies which leads to the cognitive impairments associated with Alzheimer's disease. Studies showed the loss of α3, α4, and α7
proteins in these patients (Guan et al., 2000) but the exact mechanism of this loss in still unknown.
Neuronal nAChRs also play a role in another neurodegenerative disease,
Parkinson's Disease (PD). PD is characterized by a severe loss of dopaminergic neurons in the substantia nigra. But just like Alzheimer's disease, there is also a loss in the cholinergic innervation in the basal forebrain. Although the mechanism is not fully understood, this loss is correlated with the progression of the disease.
The autosomal dominant frontal lobe epilepsy has also been linked to a defect in a nAChR subunit (Steinlein at al., 1995) . It has been found that there is a mutation in the α4 subunit gene in patients with this form of epilepsy. In addition, several disease states are being associated with nAChRs such as schizophrenia and Tourette's syndrome. Postmortem studies in schizophrenic patients showed a decrease in the nAChRs binding sites and proteins (Freedman et al., 1995) . This could explain the fact that about 90% of schizophrenic patients smoke tobacco which is thought to be a way of self medication to overcome the decrease in nAChRs number (Paterson and Nordberg, 2000) .
Nicotine has shown to have some antinociceptive effects. Due to its toxicity, nicotine can not be used as a medication by itself, however, the development of subtype selective compounds has opened the possibility of using nAChRs as novel targets for managing pain (for review see Flores 2000) .
Many non-neuronal tissues express neuronal nAChRs such as human blood vessel endothelial cells, human bronchial epithelial cells, and human skin keratinocytes (for review see Conti-Fine, Navaneetham, Lei, and Maus, 2000) .
The purpose for these ligand gated ion channels in these types of tissues where they're not normally found is yet to be ascertained. Studies show that all these tissues express the same nAChRs subunits which are the α3, α4, α5 and the β2 subunits. Although their physiological role is unknown, their presence in these tissues is thought to mediate nicotine toxicity and may play a role in many diseases related to nAChRs.
Classifications of nicotinic acetylcholine receptors
Cholinergic receptors are divided into two subgroups muscarinic and Currently, nine types of neuronal nAChR α genes (α2-α10) and three types of neuronal β genes (β2-β4) have been cloned (for review Lindstrom, 1997) . The nAChRs generally assemble as either two α subunits and three β subunits or homomers of α subunits. Due to the fact that there is a wide variety of subunits that could assemble to form the neuronal nicotinic receptor, several subtypes of nAChRs have been identified. Numerous combinations of functional nAChRs have been identified (Elgoyhen et al., 1994; Gerzanich et al., 1994; Luetje and Patrick, 1991) . These combinations result in a diverse receptor population and physiology. Therefore, receptors expressed in native tissues could be characterized based on pharmacological properties.
The adrenal chromaffin cells
The adrenal medulla is thought of as part of the sympathetic nervous system, sharing several characteristics with sympathetic neurons (Marley and Prout, 1965) . Acetylcholine released from the splanchnic nerve activates nAChRs of the adrenal medulla, releasing epinephrine into the bloodstream, triggering the 'fight or flight' response. Therefore, the adrenal chromaffin cells are very similar to the sympathetic ganglion fibers in that preganglionic cholinergic nerves innervate them, they release catecholamines upon cholinergic stimulation, and they process similar biochemical processes. Chromaffin cells have been shown to contain all the enzymes needed for the synthesis of cathecholamines (Ungar and Phillips, 1983) . Studies have also shown that they contain membrane bound organelles that store and release catecholamines (Douglas, 1968) . For all these reasons, primary cultures of these cells can serve as a very good and valid model for the sympathetic nervous system.
Acetylcholine acts on the nAChRs in the chromaffin cells leading to the opening of these ligand gated ion channels and the influx of Na + and Ca
++
. This leads to a slight depolarization of the cell membrane which in turn activates the voltage gated Ca ++ channels resulting in more influx of Ca ++ into the cell which in turn leads to the release of catecholamines from the cell (Baker and Knight, 1984) . All this process is triggered by acetylcholine activation of the receptors. Of note, the cell membrane can be depolarized by bypassing the nAChRs and directly depolarizing the cell membrane with KCl resulting in catecholamine release from the chromaffin cells (Douglas et al., 1967) .
The principal receptors mediating adrenal neurosecretion are α3β4* nAChRs. Evidence also exists for the expression of 7 nAChRs in adrenal medullary cells. In bovine adrenal medulla, molecular studies have shown the presence of RNA for 7 nAChR subunits (Campos-Caro et al., 1997), although expression of 7 proteins in these cells has yet to be documented.
Electrophysiological studies have shown that bovine medullary cells express nAChRs with channel characteristics similar to 7 nAChRs with some limited involvement with neurosecretion (Lopez et al., 1998 7 nAChRs are homomeric nAChRs found both in the central nervous system (CNS) and peripheral nervous system (PNS). These receptors are distinguished among nAChRs by their high permeability to Ca ++ , their rapidly activating and desensitizing currents, and their high affinity for -bungarotoxin (αBGT) and methyllycaconitine (MLA) (Seguela et al., 1993) . Several studies have shown that 7 nAChRs contribute to a number of neurological functions, such as improving memory (Meyer et al., 1998) , sensory gating (Martin et al., 2004 ) and control of the cholinergic anti-inflammatory pathway (for review, Ulloa, 2005) . Despite the identification and characterization of homomeric α7 nAChRs in the CNS, α7 nAChRs in the PNS appear more diverse, where evidence exists for the expression of heteromeric α7-containing nAChRs (Virginio et al., 2002; Yu and Role, 1998) .
In the studies reported here, pharmacological and immunological approaches are used to characterize native α7 nAChRs expressed in bovine adrenal medullary cells. These studies document the utility of bovine adrenal chromaffin cells and [ 
MATERIALS AND METHODS
Materials:
(-)-Nicotine hydrogen tartrate, methyllycaconitine,-bungarotoxin, mAb319 Culture Collection (Rockville, MD) using techniques described previously (Gu et al., 1996) .
Isolation and Primary Culture of Bovine Adrenal Chromaffin Cells
Adrenal chromaffin cells were dissociated from intact glands and plated in supplemented DMEM, as previously described (Free et al., 2005) . Cells were plated in DMEM media supplemented with 10% fetal calf serum, 250 ng/ml amphotericin B, 100 U/ml penicillin, 100 µg/ml streptomycin, 2mM L-glutamine, and 10 µM 5-fluoro-2'-deoxyuridine. Two days after plating, media were replaced with serum-free, N2+ medium, as previously described by our laboratory (Maurer and McKay, 1994) . Cells were plated on 24 well plates at a density of 5 x 10 5 cells per well for intact cell binding studies. One day prior to experimentation, culture media were removed and replaced with media free of amphotericin B and 5-fluoro-2'-deoxyuridine. Cells were used 3-7 days after isolation.
Adrenal medulla membrane preparation
Bovine adrenal medullae were dissected from intact adrenal glands and prepared as previously described by our laboratory . Medullae were dissected and immediately placed on ice-cold preparation buffer consisting of 300 mM sucrose, 50 mM Tris (pH 8.8), 1 mM EDTA, 1 mM EGTA, 5 mM iodoacetamide, and 0.1 mM PMSF. Medullary tissue was minced and then homogenized in ice-cold buffer (1:1 weight:volume) using a polytron. The homogenate was centrifuged for 50 minutes at 82,000 x g at 4 °C. Pellets were then resuspended in assay/rinse buffer (pH 7.4) consisting of 120 mM NaCl, 5 mM KCl, and 8 mM Na 2 HPO 4 , 2 mM EDTA, 2 mM EGTA, 5 mM HEPES, 5 mM iodoacetamide, and 0.1 mM PMSF. The homogenate was centrifuged for 25 minutes at 82,000 x at 4 °C and resuspended in assay/rinse buffer and protein concentrations were determined using the Bradford protein assay with bovine serum albumin as the standard.
[
I]-Bungarotoxin Binding
Membranes from bovine adrenal medullae were prepared as previously described by our laboratory (Cheng and Prusoff, 1973) .
Alkylation of nAChRs from Cultured Adrenal Chromaffin Cells
nAChRs expressed in cultured bovine adrenal chromaffin cells were irreversibly alkylated with 100 µM brACh using techniques previously published by our laboratory (Free and McKay, 2001) . Briefly, intact cells were first treated with 1 mM DTT in buffer (pH 8) for 15 min at 37°C in order to reduce nAChR disulfide bonds. Cells were then washed, followed by treatment with brACh for 6 min at room temperature. After washing, the disulfide bonds were reoxidized by incubating the cells with 1 mM DTNB in buffer for 15 min at 37°C.
Immunoprecipitation of Adrenal nAChRs
Cultured adrenal chromaffin cells were lysed in MPER supplemented with protease inhibitors ("Complete Mini" from Roche) and centrifuged (18,000 x g) for 15 min at 4°C. The supernatant was precleared with 50 µl protein G-agarose by incubating for 3 hours at 4°C on a rocking platform. The suspension was centrifuged briefly and the supernatant transferred to a new microcentrifuge tube.
Antibodies (mAb35 or mAb319) were added to the samples and gently rotated overnight at 4°C. Protein G-agarose (50 µl) was then added and incubated for at least 3 hours at 4°C with rocking. The complexes were collected by brief, low spin, centrifugation and the supernatant carefully removed and stored at -80°C.
The pellet was washed a total of five times: twice in 50 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P40 (a nonionic surfactant used in the isolation of membrane complexes), twice in a high salt buffer containing 50 mM Tris (pH 7.5), 500 mM sodium chloride and 0.1% Nonidet P40, and once in a low salt buffer of 50 mM Tris (pH 7.5) and 0.1% Nonidet P40. Bound proteins were eluted with SDS sample buffer.
Western Blot Analyses
The immunoprecipitated proteins were separated on 10% SDSpolyacrylamide gels and then electroblotted onto Hybond membranes 
Calculations and Statistics:
Results were calculated from the number of observations (n) 
RESULTS
In these studies [ Finally, the anti nAChR monoclonal antibody, mAb319, which recognizes α7 nAChR subunit protein, was used in immunoprecipitation experiments on bovine adrenal cell extracts to confirm the expression of α7 nAChR subunit protein. Western blot analyses show that mAb319 pulls down a single protein with a molecular weight of ~53 kDa, identifiable using mAb319 as primary antibody. (Figure 5 ). This size is consistent with the calculated molecular weight of 56kDa for α7 nAChR subunit protein. mAb35, an anti-nAChR monoclonal antibody which recognizes α3, and possibly α5, nAChR subunit proteins in adrenal cells, was also used in pull down experiments on bovine adrenal cell extracts. Western blot analysis identified a single protein with a molecular weight of ~53 kDa when probed with mAb319 ( Figure 5 ).
DISCUSSION
α7 nAChRs are located both in the CNS and PNS. While the molecular, biochemical, physiological and pathophysiological elucidation of α7 nAChRs in the CNS is unfolding, α7 nAChRs expressed in the PNS are much less characterized. Experimental models to study 'native' (vs. recombinant) α7
nAChRs will greatly facilitate the characterization of peripheral α7 nAChRs. The studies reported here characterize bovine adrenal 7 nAChRs; they also document the utility of an easily obtainable membrane preparation from bovine adrenal medulla and the use of adrenal chromaffin cells in culture for the study of native 7 nAChRs.
Our intact cell binding studies support the surface expression of α7 nAChRs; both nicotine, an agonist capable of crossing plasma membranes, and carbachol, an impermeant agonist, produce equivalent amounts of displacement of [ 125 I] BGT binding. We found that all surface α7 nAChRs were able to be alkylated, as are adrenal α3β4* nAChRs (Free and McKay, 2001 ). From our membrane binding studies, we found that the K d value of αBGT (4.2 nM) is similar to those reported for rat brain (1.5 nM) (Macallan et al., 1988) , rat hippocampal membranes (0.54 nM) (Garcia-Guzman et al., 1995) , native α7
receptors from SH-SY5Y cells (1.1 nM) (Xiao et al., 1998) , and human α7 homomers expressed in oocytes (0.8 nM) (Ward et al., 1990) . In addition, our K i value for BGT was found to be 1.9 nM and is similar to our Kd value of to bovine adrenal membranes is 49.9 ± 7.6 fmol/mg protein, corresponding to that observed for rat hippocampal membranes of 51.1 fmol/mg protein (GarciaGuzman et al., 1995) . In competition binding experiments using MLA, we have found that the K i of MLA is ten-fold higher than values reported in other tissues [e.g., rat brain, K i value of ~1.4 nM (Amar et al., 1993) or chick ciliary ganglion, K i value of 2.8 nM (Vijayaraghavan et al., 1992) , but is similar to values obtained for invertebrate locust ganglion (K i value, ~18 nM) (Macallan et al., 1988) . Functional studies in bovine adrenal cells have also documented a relatively lower affinity of MLA for α7 nAChRs, the IC 50 for MLA inhibition in these electrophysiological pulse recordings was reported to be ~100 nM (Lopez et al., 1998) . These studies suggest that MLA interactions with α7 nAChR subtypes in adrenal cells are atypical, having a lower binding affinity.
Immunoprecipitation experiments using mAb319 and mAb35 support the expression of α7 nAChR subunit proteins in bovine adrenal chromaffin cells. Our data suggest the presence of both a homomeric and heteromeric population of 7 containing receptors. The identification of a 53 kDa protein, similar to that reported by others for α7 proteins (Del Toro et al., 1994; Orr-Urtreger et al., 1997) , in mAb35 immunoprecipitated nAChRs suggests that at least some mAb35 nAChRs contain α7 nAChR proteins. In these studies multiple antibodies against α7 nAChR protein were eliminated for use because of their cross-reactivity with other nAChR subunits, resulting in the use of mAb319 both to precipitate the sites and to detect the protein on Western blots. Interpretation of these studies may be problematic and rests on the subunit specificity of the antibodies used. Most antibodies currently available that are directed against 'specific' nAChR subunits show cross-reactivity with other subunits, species preferences, and/ or technique limitations. Therefore, data obtained using mAb35 and mAb319 should be interpreted with caution. mAb35 has been shown to interact with α1, α3, and α5 nAChR subunits. We have previously shown that mAb35 interacts with α3β4* nAChRs expressed in bovine adrenal cells (Gu et al., 1996) . Commonly used for detection of 7 protein, mAb319 has recently been reported to cross-react with nonspecific proteins (Herber et al., 2004) , but affinity purification prior to Western blotting eliminates most of the specificity problems.
Evidence exists for the expression of heteromeric α7-containing nAChRs.
Listerud and colleagues were the first to document that α7 nAChR subunits can substitute for α3 nAChR subunits and be incorporated into native α3-containing nAChRs expressed in chick sympathetic ganglia neurons after antisense-induced deletion of the α3 nAChR subunit (Listerud et al., 1991) . Using electrophysiological, pharmacological and antisense approaches, Yu and Role have proposed three native heteromeric α7* nAChRs in embryonic chick sympathetic neurons (Yu and Role, 1998) . In the rat pheochromocytoma cell line (PC12), a tumor cell line of the adrenal medulla, (Virginio et al., 2002) also proposed the functional expression of heteromeric nAChRs containing α7 nAChR subunits.
These studies support the expression of homomeric 7 nAChRs and possibly a smaller population of heteromeric, 7-containing, nAChRs in bovine adrenal medulla. Saturation studies and homologous competition experiments using αBGT, as well as the immunoprecipitation and Western blot studies using mAb319 support the expression of homomeric 7 nAChRs. We demonstrate that α7 nAChRs are expressed on the surface of cultured bovine adrenal cells and are able to be completely alkylated. This will allow for receptor protection approaches (Furchgott, 1954; Grider and Makhlouf, 1991; Oriowo et al., 1992; Free and McKay, 2001 ) to distinguish functional contributions of α3β4 and α7 nAChRs in adrenal neurosecretion and provide insights into their physiological roles. . Western blot of immunoprecipitated proteins from bovine adrenal chromaffin cells. Immunoprecipitated proteins were separated by 10% PAGE and analyzed by Western blotting, as described in methods section. The blot was probed with the 1° antibody, mAb319 (1:250 dilution), followed by incubation with HRP-linked anti-rat 2° antibody (1:1000). The blot was visualized by autoradiography.
